Abstract This study was conducted to develop a noninvasive marker of hepatic microvesicular lipid accumulation (MVLA), a histopathological effect currently diagnosed in humans following liver biopsy. MVLA is detected in animal studies of chemicals and drugs and occurs in some humans exposed to chemicals or pharmaceuticals. Because MVLA is a reversible histopathology, early detection of MVLA using a noninvasive method, could aid clinicians in the treatment of patients taking drugs that are known to induce this injury. Isoniazid (INH) was selected as a model compound for this investigation, because MVLA occurs in tuberculosis (TB) patients treated with a combination therapy, which includes INH. This study used male rats dosed daily with INH at 0, 10, or 300 mg/kg/day for up to 8 days. Urine, blood, and liver were obtained following 1 and 8 days. NMR metabolomics of urine revealed markers that correlated (100%) with the findings of MVLA in the right, left, and median liver lobes in 4/9 rats administered the high dose of INH for 8 days. Metabolomics of liver extracts also revealed markers that correlated with the MVLA injury. Serum enzymes that are clinically used to assess liver injury were not consistently correlated to the findings of MVLA. Metabolite changes consistent with the presence of MVLA correlated with interruptions in inositol, carbohydrate, glycerolipid, and glyoxylate metabolism. This study reveals markers that could find pre-clinical use, provides insights into mechanisms involved in MVLA, and demonstrates the need for the validation of noninvasive MVLA markers in human patients.
Introduction
Microvesicular lipid accumulation (MVLA) is a reversible histopathological lesion that may precede irreversible liver damage, and hence, early detection of MVLA is important in the clinical management of liver injury. Current methods for detecting MVLA require biopsy and histopathological evaluation which can be painful, time consuming, expensive and includes some level of risk to the patient. The specific aim of our study was to use metabolomics of urine to identify noninvasive marker(s) of MVLA liver injury, and to determine how the noninvasive urinary marker(s) correlate with metabolomic perturbations in liver tissue. A noninvasive method for detection of MVLA could greatly aid clinicians in the management of patients taking drugs that are known or suspected to induce this injury, and could improve screening for this injury in animals in pre-clinical studies during drug development.
Isoniazid (INH) was selected as a model compound for this investigation because it is known to induce MVLA and because of its widespread clinical use that is sometimes associated with hepatic injury. INH is used in a combination therapy for treatment of tuberculosis (TB); an infectious disease with a significant mortality rate. There is an estimated 2 billion people with latent TB, and an estimated 8-9 million new cases of TB reported yearly with more than one third of the world's population being at risk for developing TB at some point in life (World Health Organization 2003 , 2008 . Complications arise during treatment due to difficulties with compliance during the long course of treatment, and due to the potential for hepatotoxicity. In developed nations and as possible in developing nations, patients taking INH are monitored for elevation in alanine amino transferase (ALT), an enzyme that increases in the serum during and following INH treatment regimens. In some patients, acute liver injury (defined as serum ALT [5 times the upper limits of normal) has a causal association with INH therapy. If not recognized early, such liver injury can result in catastrophic liver failure, requiring liver transplantation (Russo et al. 2004 ). In the US, INH is one of the clinically prescribed drugs with the highest causal relation (up to 9% in studied patient populations) for patients taking medication that result in drug induced liver injury (DILI) and liver transplantation (Russo et al. 2004) . In developing nations, DILI frequency from usage of INH is even greater, with up to 33% of patients taking INH experiencing hepatotoxicity (Saukkonen et al. 2006) .
The mechanisms of INH liver injury may involve the metabolism of INH to acetylisoniazid, hydrolysis to acetyl hydrazine and isonicotinic acid. Acetyl hydrazine can undergo acetylation to diacetylhydrazine, or hydrolysis to hydrazine (Timbrell 1979; Preziosi 2007) . Hydrazine can undergo oxidation to radicals and conversion to ammonia. The acetylation of proteins and other molecules by acetylhydrazine has also been described, and the depletion of pyridoxal phosphate (PLP) can occur with INH administration. Other metabolites that have been described include the formation of hydrazones of keto acids, primarily pyruvate and a-ketoglutarate (2-oxoglutarate) (Timbrell 1979; Preziosi 2007) . Cytochrome P4502E1 mediates INHinduced hepatotoxicity in male Wistar rats following a dose of 100 mg/kg/day for up to 21 days (Yue et al. 2004) . Hepatotoxicity was measured by elevated serum enzymes (ALT, and AST) and liver histopathology. Hydrazine is a metabolite of INH in rabbits (Sarich et al. 1996) , and hydrazine levels in liver and CYP2E1 activity correlated with the severity of hepatocellular damage. Kleno et al. (2004) demonstrated that a single dose of hydrazine in rats causes gene, protein, and metabolite changes, which can be related to glucose metabolism, lipid metabolism, and oxidative stress. Mechanisms of INH liver injury could involve interference with the target, mycolic acids. The inhibition of the synthesis of mycolic acids in the therapeutic action of INH has been investigated, and may involve the inhibition of mycobacterial enoyl acyl carrier protein reductase. The inhibition may be caused by the formation of an adduct between INH and NAD ? or NADP ? (Argyrou et al. 2006 (Argyrou et al. , 2007 . A single administration of 110 mg/kg INH to male Wistar rats results in a decrease in succinate, a-ketoglutarate, and hippurate (Schoonen et al. 2007 ).
The current practice of liver biopsy and histopathological evaluation for the clinical diagnosis of MVLA is avoided in patients with infectious diseases and is impractical in large populations due to the expense and logistics. Therefore, there is a need for practical methods to monitor patients for the presence or onset of MVLA during treatment regiments. The results described here demonstrate a urinary marker profile for MVLA in rats administered INH, and the relation to markers and pathways that could be used for the early detection of this reversible liver injury.
Materials and methods

Study design and sample collection
Male Sprague Dawley rats were obtained from Charles River, Raleigh, NC, and arrived at 8 weeks of age. They were provided food (Purina rodent chow 5002) and water ad lib and housed in microisolator cages for 2 weeks. At least six rats per dose and time point were administered by gavage 0, 10, or 300 mg INH (dissolved in water) per kilogram body weight (mg/kg) per day for up to 8 days. Urine was collected over dry ice (0-6 and 6-24 h) from rats in all glass metabolism cages prior to the first dose (pre-dose), and again following day 1 (day 1 urine) and following day 8 (day 8 urine) of dosing, and stored at -70°C. The focus of the metabolomics analysis was on urine collected 6-24 h following administration of INH.
Serum enzymes and histopathology
Groups of rats were sacrificed following the 24 h urine collection on day 1 (termed the day 1 group) and day 8 (termed the day 8 group) for the collection of blood and liver. Blood was processed to serum for the measurement of alanine aminotransferase (ALT), aspartate aminotransferase (AST), and sorbitol dehydrogenase (SDH) using standard commercial kits and procedures. Sections of the right, median, and left lobes of the liver were collected and histopathologic assessment was made by evaluating approximately 50 histological parameters of the liver by Experimental Histopathology Laboratories (EPL), Inc. (Research Triangle Park, NC). MVLA was expected following INH treatment based on previous publications identifying this histological effect in animals and humans. The extensive list of histological diagnoses in this investigation was utilized in order to correlate the metabolomics profile with MVLA and to be certain that the metabolomic profile was not also correlated with other histopathology effects. The individual histological observations were given a ''score'' of 1-3 to indicate the magnitude of the effect as determined by the semi-quantitative histological observation. A score of 1 indicates a minimal effect while a score of three indicates the greatest change noted for each histological observation. 1 H-NMR spectra were acquired using the first increment of a NOESY sequence, with a 100 ms mixing time, 1 s relaxation delay, a spectral width of 12 ppm, and 32 transients. The water resonance was suppressed using resonance irradiation during the relaxation delay. All spectra are acquired at 25°C, and the quality of each NMR spectrum was assessed for the level of noise and alignment of identified markers. Spectra were accessed for missing data and underwent quality checks.
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Data reduction and visualization
Data captured by NMR (metabolite id and concentration; or bin region and integral value) were transferred to software (Umetrics) for data reduction and visualization using SIMCA-P 11.5. Several approaches were taken to analyze the NMR data to provide the best set of analytes that could distinguish the study groups (predose, day 1 vehicle, day 1 low dose, day 1 high dose, day 8 vehicle, day 8 low dose, day 8 high dose) and that could provide the best correlation between the metabolomic profiles and the histopathological findings. For analysis with binned data, the integral was normalized to the total integral for each spectrum. For analysis using data from library matching, the concentration of each metabolite was normalized to creatinine. Principal component analysis (PCA) and partial least squares projection to latent structures was conducted using SIMCA-P 11.5 for the binned and metabolite data. Loadings and variable importance plots were examined to determine the bins or metabolites that best correlated with dose groups, and to find the bins and metabolites that best correlated with histopathological findings. PC1 and PC2 accounted for *60% of the variance, and PC1-PC3 accounted for *85% of the variance in the cases shown herein. Subsequently, PCA using only the bins or analytes selected from the loadings and variable importance plots was conducted to demonstrate that the analysis with the subset of bins or metabolites could provide clear separation of the dose groups, and could provide correlation with the histopathological findings. Metabolites identified as important for the separation of dose groups or for correlation with histopathological findings were mapped to biochemical pathways. Z1201  Z1202  Z1203  Z1204  Z1205  Z1206  Z1401  Z1402  Z1403  Z1404  Z1405  Z1406  Z2201  Z2202  Z2203  Z2204  Z2205  Z2206  Z2401  Z2403  Z2404  Z2405  Z2406  Z2407  Z3201  Z3203  Z3213  Z3215  Z3305  Z3307  Z3511  Z3513  Z4005  Z4017  Z4403  Z4415  Z4507  Z4509 
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Metabolomics of urine
Metabolomics analysis was conducted on urine collected from rats administered by gavage 0, 10, or 300 mg/kg INH for 1 or 8 days.
Binning approach
Principal component analysis was conducted using binned data normalized to the total intensity, and excluding the region of water suppression, for each spectrum of urine (Fig. 1) . PCA analysis using bin data ( Fig. 1) clearly showed distinction of the predose, vehicle control and low dose groups (teal, purple and green, respectively) from the 300 mg/kg dose groups (blue, 1 day; red, 8 day). Five rats in the 300 mg/kg 8 day group were clustered closer to the 300 mg/kg 1 day group, while four rats in the 300 mg/kg 8 day group (Z4509, Z4507, Z3513 and Z3511) were significantly different from other rats within this dose and time group. Review of the histopathology data (Fig. 2a, b) revealed that the four rats (Z4509, Z4507, Z3513 and Z3511) in the 300 mg/kg 8 day group that had urinary profiles that differentiated them from the remainder of their respective dose/time group were rats with MVLA of the right, left, and/or median lobes of the liver. Analysis of ALT (Fig. 3a) , AST (Fig. 3b) , and SDH ( Fig. 3c ) indicated very little to equivocal elevation of serum enzymes. It is important to note that MVLA did not correlate with the serum concentration of liver enzymes. At the highest dose, ALT was reduced, but did not provide identification of the individual animals with MVLA. Reduction in ALT following INH administration is consistent with findings by O'Brien and co-workers (2002), and attributed to the involvement of the cofactor pyridoxal phosphate. Loadings plots and variable importance plots were evaluated to determine the sub-set of bins that best defined MVLA. Subsequently, PCA analysis was conducted with only the sub-set of bins (Fig. 4) and demonstrated that this sub-set of data provided a greater differentiation of the four rats with MVLA from all other rats in the study.
Library matching
Full library matching using the NMR Suite 4.6 Professional Software (Chenomx, Edmonton, Alberta, Canada) provided a list of metabolites (and their respective concentrations) that demonstrated a match within each of the urine spectra. The concentration for each metabolite was normalized to the creatinine concentration for each urine sample and PCA analysis was conducted using the concentration based data. The PCA analysis (Fig. 5 ) using urinary metabolite concentration data also clearly differentiated the four rats with right, left, and/or median lobe MVLA (Z4509, Z4507, Z3513 and Z3511) from all other rats dosed with INH. Specifically, the rats in the 8 day high dose group with the presence of MVLA could be clearly differentiated from the rats in the 8 day high dose group without the findings of MVLA. Inspection of the PCA plot in comparison with histopathological findings also revealed that rats with periportal glycogen depletion were well separated from rats without periportal glycogen depletion, on the t[1] axis.
Determining urinary markers that define the study groups
Loadings plots and variable importance plots were examined to determine the metabolites that best define each of (Fig. 3a) , AST (Fig. 3b) , and SDH (Fig. 3c) indicated very little to equivocal elevation of serum enzymes. The highest serum enzyme elevations did not correlate with the histopathology findings of MVLA for rats Z4509, Z4507, Z3513 and Z3511. At the highest dose, ALT was reduced, but did not provide identification of the individual animals with MVLA the dose and time groups, and that best define the groups based on histopathology findings. These metabolites and their directionality of change are listed in Fig. 6 (under trajectories) between the control and INH low dose group, between the INH low dose group and the INH high dose group following 1 day of exposure, and between the INH low dose group and the INH high dose group following 8 days of exposure. In terms of significant histopathology findings, the suite of metabolites that could be correlated with the finding of MVLA are listed in Fig. 6 (listed under Z4509, Z4507, Z3513 and Z3511). Rats with MVLA showed an increase in urinary creatine, aminoadipate, xanthine, acetoacetate, oxaloacetate, glycolate, ornithine, and homoserine; and a decrease in cytosine, glutamine, trigonelline, fructose, pyridoxate, and hydroxybutyrate. When multivariate analysis was conducted using only this subset of metabolites, the rats with MVLA showed an even greater separation from the remainder of the study groups. The subset of metabolites that best separated the high dose and low dose groups are listed at the top of Fig. 6 (under the heading of low dose to high dose 1 day). This separation corresponds to the findings of periportal glycogen depletion in a significant portion (11 out of 15) of the rats that received a high dose of INH. The subset of metabolites that best separated the high dose 1 day group from the high dose 8 day group (without MVLA) are also shown in Fig. 6 (under the heading of high dose 1 day to high dose 8 day). These metabolites may best define the on-set of MVLA.
To determine if the two sub-sets of metabolites that defined either MVLA or periportal glycogen depletion would also be diagnostic of different types of liver injuries, these two sub-sets of metabolites were tested using data from our ongoing investigations of acetaminophen-, phenytoin-, valproic acid-, and clofibrate-induced liver injury. Dose-and time-to response studies (conducted analogous to the INH study) using these four drugs resulted in pathology findings of hypertrophy, necrosis, and macrovesicular lipid accumulation. MVLA and periportal glycogen depletion were pathology findings in the investigation with INH, but were not observed in the accumulation demonstrated an increase separation for rats with MVLA (Z4509, Z4507, Z3513 and Z3511) from other study groups studies with the other four drugs. The biochemical profiles or urine obtained from the analogous studies with acetaminophen, phenytoin, valproic acid, and clofibrate were examined to determine if the sub-sets of metabolites that defined MVLA or periportal glycogen depletion would also be predictive of the different pathology findings (hypertrophy, necrosis, and macrovesicular lipid accumulation) from those investigations. The subsets of metabolites that correlate with pathology findings of MVLA and periportal glycogen depletion could not be associated with any other types of pathology findings determined for INH or the other four drugs.
Defining pathways relevant to the urinary markers
Metabolites that define MVLA were mapped to pathways that suggested interruptions in amino acid metabolism, alkanoate metabolism, purine metabolism, glycolate and dicarboxylate metabolism, urea cycle, citrate cycle, glutamate metabolism and pyrimidine metabolism (listed in Fig. 7 ). Metabolites that differentiate the rats in the high dose groups (with the presence of periportal glycogen depletion) from rats in the low dose groups (absence of periportal glycogen depletion) were mapped to purine metabolism, amino acid metabolism, citrate cycle, and alkanoate metabolism. Pathways perturbations that occurred between the high dose 1 day and high dose 8 day groups also included amino acid metabolism, citrate cycle, glycolate and dicarboxylate metabolism. In addition, metabolites that differentiated the high dose 1 day and high dose 8 day groups suggested interruptions in ascorbate and aldarate metabolism, inositol metabolism, and glycerolipid metabolism. The pattern (Fig. 7) revealed by the metabolomics analysis indicates that the onset of MVLA may occur following periportal glycogen depletion, associated with interruptions in amino acid, purine, and alkanoate metabolism. Continued dosing results in additional effects on ascorbate/aldarate metabolism, inositol metabolism, carbohydrate metabolism, glycerolipid metabolism, and glyoxylate/dicarboxylate metabolism; which may have the causal relation to the on-set of MVLA.
Analysis of liver extracts
The left lobe, right lobe, and median lobes of liver were individually homogenized (3:1 by weight; water:liver), extracted with acetonitrile, dried under N 2(g) , and reconstituted with D 2 O and a solvent buffer containing DSS and imidazole. Metabolomics analysis of the liver was conducted as described for urine. Multivariant analysis (Fig. 8 ) was conducted independently for the (a) right lobes, (b) left lobes, or (c) median lobes. Analysis of the right lobe (Fig. 8a) demonstrated separation of the liver extracts for Z4509, Z4507, Z3513 and Z3511 from the remainder of the study groups; consistent with the findings of significant right lobe MVLA histopathology for each of these four rats ( Fig. 2a ; Z4509, Z4507, Z3513 or Z3511). Analysis of the left lobe (Fig. 8b ) revealed most significant separation of Z4509, Z4511, Z3513 from the remainder of the rats; these rats all having a MVLA histopathology score of 2. Analysis of the median lobe (Fig. 8c ) also demonstrated significant separation of Z3511, Z3513, Z4509, and Z4507 from the remainder of the study rats.
Inspections of the loadings and variable importance plots revealed, overall, that the metabolites that best separate the dose groups were independent of the liver lobe analyzed. Metabolites that were increased in the liver lobe for the high dose groups (compared with time-matched controls) included arginine (6-13 fold increase between control and high dose day 8; urea and amino acid metabolism), aminoadipate (24-38 fold increase between control and high dose day 8; lysine metabolism), hydroxybutyrate (20-fold increase; butanoate metabolism). Rats with MVLA has a decrease in serine, mannitol, oxalacetate, glycerol, methylmalonate, lactate, sulphocysteine, taurine, and cystine; indicating an impact on amino acid metabolism, glycine, serine, threonine metabolism, pyrimidine metabolism, glycolysis, cysteine metabolism, tryptophan metabolism, and Krebs cycle. Of these metabolites, aminoadipate, hydroxybutyrate, oxalacetate, methylmalonate, taurine, cystine, and lactate were increased or decreased at some time-points in the urine of rats administered 10 or 300 mg/kg INH for 1 or 8 days. Differences in the specific metabolites in liver or in urine that best associate with the presence of MVLA were not surprising, in part because the urine sample was integrated over a 24 h period while the extract of liver was taken at one time only, at 24 h after the last dose.
Biochemical interpretation
Some of the changes in metabolites encountered with treatment with INH may result from direct reaction with INH, or hydrazine, whereas others may result from interference with the metabolism of enzymes that involve PLP as cofactor (6). This class of enzymes includes aminotransferases, and enzymes that catalyze beta-elimination -21 -20 -19 -18 -17 -16 -15 -14 -13 -12 -11 -10 -9 -8 -7 -6 -5 -4 - Increase glycerate, cysteine, glucitol, proline, threonate, glycine, glucose, threonine Decrease pyridoxine, hippurate, ribose, uracil homogentisate, xanthine, glycolate glutathione, histidine, fumarate xanthine, homocystine, cystine, taurine, aspartate, 1, homoserine, creatine, levulinate, citrate, succinate, cysteine, isocitrate, uracil The multivariant analyses revealed amino acids as important metabolites defining the INH exposed rats from control. Methionine was one of the most significantly elevated amino acids for both the low and high dose groups (approximately 3-fold over control). Multivariate analysis also revealed 2-aminoadipate as an important metabolite in defining the 8 day high dose group. Specifically, 2-aminoadipate levels in urine increased 6-fold in the Day 8 high-dose group, compared with the controls, and did not increase in any of the other dose groups. Furthermore 2-aminoadipate was over 3-fold higher in rats with MVLA compared with non-MVLA rats in the same dose group. 2-Aminoadipate is an intermediate in the metabolism of lysine (Higashino et al. 1971) , and undergoes metabolism by 2-aminoadipate transaminase (2.6.1.39), a pyridoxal phosphate containing enzyme (Tobes and Mason 1977) , to form 2-oxoadipate, converting 2-oxoglutarate to glutamate (Nakatani et al. 1970) [L-2-aminoadipate ? 2-oxoglutarate 2-oxoadipate ? L-glutamate]. 2-Aminoadipate was also substantially increased in liver of the day 1 and day 8 high dose groups (3-4 fold and 24-38 fold, respectively), showing an increase that paralleled the change seen in urine.
Creatine, glycolate, glutarate, dimethylxanthine, acetoacetate adipate, and 4-aminobutyrate were increased in urine for animals with MVLA compared with non-MVLA animals in the same dose group. Creatine increased approximately 7-fold in urine from the 8-day high dose rats, compared with the controls. Rats with MVLA had an 11-fold increase (over control) in creatine levels, while non-MVLA rats in the same dose group exhibited only a 4-fold increase over control.
Urinary glycolate increased approximately 5-fold in the rats with MVLA, compared to controls; while non-MVLA rats in the same group increased only 1.4 fold. Glutarate increased 6-fold in the MVLA rats in the high dose 8-day group, versus 2.7-fold in the non-MVLA rats in the same group. Glutarate is formed via two routes: one from 2-oxoadipate in lysine catabolism, via oxidative decarboxylation; Fig. 7 Pathways most important to defining each of the study groups, the presence of MVLA for rats with MVLA (Z4509, Z4507, Z3513 and Z3511) from other study groups, and the outcome of glycogen depletion were determined Metabolomics of isoniazid-induced liver injury 247 the second in the degradation of tryptophan via 2-aminomuconate (Goodman et al. 1975) . Acetoacetate in urine was profoundly increased in the rats with MVLA (approximately 5-fold higher than the rats without MVLA), as was acetone (5.8-fold higher), and to a lesser extent 3-hydroxybutyrate (1.7-fold higher). The synthesis of ketone bodies is generally associated with high rates of fatty acid oxidation in the liver Zee 1976, 1977) . Mean adipate concentrations increased approximately 3-fold in rats with MVLA while rats in the same group without MVLA increased 1.3-fold.
Concluding remarks
This study has demonstrated a promising non-invasive urinary marker profile that could be further evaluated for the detection of the reversible histopathology MVLA in human subjects, and provide an improved method for the detection of MVLA over assessment via traditional liver serum enzyme assays. DILI in a portion of the patients taking INH creates a challenge for the safe use of this drug where alternative therapies are not available. A biomarker that indicates a liver effect prior to nonreversible liver injury would greatly enhance the safe use of this therapy. Our studies reveal that the liver from rats with MVLA (induced using INH) has a significant perturbation in glycine, serine, threonine metabolism, pyrimidine metabolism, glycolysis, cysteine metabolism, tryptophan metabolism, and Krebs cycle metabolism. Urinary metabolites consistent with the presence of MVLA suggested interruptions in some of the same pathways (amino acid metabolism, pyrimidine metabolism); suggesting the promise of developing a non-invasive surrogate marker for MVLA. Using a metabolomics approach for the validation of the marker profile will enable the determination of any additional metabolites that should be included in a marker profile to reveal MVLA histopathologies in human investigations.
